Silicene is an emerging 2D material, and an understanding of its interaction with amino acids, the basic building blocks of protein, is of fundamental importance. In this paper, we investigate the nature of adsorption of amino-acid analogues on silicene employing density functional theory and an implicit solvation model. Amino acid analogues are defined as CH 3 -R molecules, where R is the functional group of the amino acid side chain. The calculated results find three distinct groups within the amino-acid analogues considered: (i) group I, which includes MeCH 3 and MeSH, interacts with silicene via the van der Waals dispersive terms leading to physisorbed configurations; (ii) group II strongly interacts with silicene forming Si-O/N chemical bonds in the chemisorbed configurations; and (iii) group III, which consists of the phenyl group, interacts with silicene via π-π interactions leading to physisorbed configurations. The results show that the lateral chains of the amino acids intrinsically determine the interactions between protein and silicene at the interface under the given physiological conditions.
Introduction
Silicene is one of the emerging nanomaterials that is very similar to graphene in its honeycomb-type of structure and electronic properties, except for buckling. The buckled structure of silicene is due to the preference of Si atoms to adopt both sp 3 and sp 2 hybridization rather than adopting sp 2 hybridization alone, as in graphene [1] . As a result, silicene shows a higher degree of chemical reactivity to atoms [2] [3] [4] [5] [6] [7] and molecules [8] [9] [10] [11] [12] , and has been proposed as a promising chem/bio sensing material. For example, Amorim and Scheicher, investigating the interaction of silicene with purine and pyrimidine nucleobases, suggested that silicene could be utilized as an integrated-circuit biosensor as part of a labon-a-chip device for DNA analysis [13] . In addition, recent theoretical studies based on density functional theory (DFT) have shown that silicene could be used for highly sensitive molecule and gas sensors [9, 10] . Furthermore, silicene exhibits some unique physical properties such as the spin Hall effect, semimetallicity, tunability of the band gap, and modulation of the reflectivity with doping, as summarized in a recent review [14] . Silicene, as a natural derivative of Si, demonstrates better compatibility and easier integration with existing Si nanotechnology for novel applications, and it has been synthesized on a variety of substrates, such as Ag [1, [15] [16] [17] , Ir [18] , ZrB 2 [19] and ZrC [20] .
In porous silicon, a recent protein adsorption kinetics study demonstrated the feasibility of its labelfree detection of protein adsorption in real time [21] . On the other hand, using a combined experimental and computational approach, Rahsepar et al proposed the adsorption and film growth mechanisms of proteinogenic biomolecules on a Si(1 1 1) 7 × 7 surface and pointed out the particular role of hydrogen bonding interactions of biological molecules in such systems [22] . As the basic building blocks of protein, a fundamental understanding of the interaction of amino acids with silicene is therefore required, as this would provide atomic-level insight into the protein-silicene interface. This fact is further reaffirmed by recent single-molecule force spectroscopy measurements of amino acid residues, such as lysine, glutamate, phenylalanine, leucine, and glutamine, which revealed a distinguishably different strength of interaction between the individual amino acid residues and the silicon substrate [23] . In addition, adsorption of the residues on the substrate has shown to be modified with the pH and ionic strength of the solution [23] .
Previously reported DFT investigations involving proteins with 2D materials have been mostly limited to a few amino acids (or analogues). In gas phase, Rimola studied interactions between several amino acid analogues (AAs) and boron-nitride (BN) nanomaterials, and reported significant differences among BN nanotubes (BNNTs) and BN monolayers (BNMLs) in the nature of the adsorption in the gas phase [24] . Based on the side groups, intrinsic affinity scales of the considered AAs for BN nanomaterials have been proposed [24] . In solvent, Waters et al established the relationship between the topology of BN nanomaterials and the protonated/deprotonated states of AAs [25] .
In this paper, interaction of silicene with the canonical (standard) AAs will be investigated employing the DFT with inclusion of the van der Waals (vdW) interaction terms. AAs are molecules of the form CH 3 -R (or MeR), where R represents the functional groups present in the side chains. The backbone is simulated by the methyl group. The amino acid residues considered are with R being CH 3 , SH, OH, COOH, CONH 2 , NH 2 , imidazole, guanidine, phenyl, phenol, indole, and CONHCH 3 , representing the seven classes of natural amino acids: aliphatic, sulfur-containing, hydroxylic, acidic, basic, aromatic, and amidic, as listed in table 1. Since the lateral chains of the amino acids are more likely to interact with silicene, the results will provide insights featuring which amino acids are likely to dominate the protein-silicene interaction at the atomic level. The binding features of the conjugated systems will be discussed in terms of geometries, energies, charge transfers, molecular orbitals and polarizabilities. Considering that most of the biological and physiological processes occur in solvent, we will perform calculations in both the gas and solvated phases. The effect of solvent will be further explored by investigating the zwitterion form of some of the AAs in solvent.
Computational method
Electronic structure calculations based on the DFT were performed with the B3LYP functional form [26, 27] together with the 6-31G(d,p) basis sets using the program package Gaussian 09 [28] . Contributions from vdW dispersion forces were included in the form of the Grimme-D2 terms in the calculations [29] . The polarizable continuum model [30] was used to mimic the solvent effect, which computes the energy in solution by making the solvent reaction field self-consistent with the solute electrostatic potential generated from the computed electron density. For water, a dielectric constant ε = 78.35 was used.
Comparison to other solvation models and dispersion corrections is provided in the supplementary information table S1 (stacks.iop.org/TDM/5/015012/ mmedia) and the results are fairly consistent. The charge analysis of a conjugated configuration was performed using the natural bond orbital (NBO) analysis [31] .
A cluster model approach was adopted to simulate silicene, where the sheet is modeled by a finite Si 48 cluster consisting of a central hexagon and two neighboring bands of rings to minimize effectively edge effects. In addition, the Si edge atoms were passivated by hydrogen atoms making the cluster Si 48 H 18 . A larger model of silicene, Si 96 H 24 was tested and this resulted in very comparable results (see supplementary information figure S1 for the models and comparison of results thereafter). This approach has been successfully employed for a long time in using accurate ab initio methods of quantum chemistry for a quantitative description and detailed understanding of the interaction between atoms and molecules and a solid surface. An early example [32] is the study of the adsorption and surface penetration of atomic hydrogen at the open site of Si (1 1 1), which resembles the hydrogen/ silicene system. Recent examples include stability and electronic properties of pyrazinamide conjugated silicene [33] and proton and hydrogen transport through silicene [34] .
Following the nomenclature of AAs [24] , twelve AAs were considered (table 1), including MeCH 3 and MeSH as analogues of alanine and cysteine, respectively. Alanine is a simple amino acid and its side chain −R is −CH 3 . To determine the equilibrium configurations of the conjugated complexes, molecules were initially placed on silicene at different lattice sites (e.g. atop, bridge and hole/center) with different orientations, including the parallel and perpendicular orientations relative to the surface. Then, the geometry optimization calculations without applying symmetry constraints were performed. The convergence criteria in maximum force, RMS force, maximum displacement, and RMS displacement were set as 0.023 eV Å , 9.5 × 10 −4 Å, 6.4 × 10 −4 Å, respectively. Note that the equilibrium configuration of the pristine silicene was buckled with an out-of-plane vertical distance of ~0.44 Å (for outer edges) and 0.40 Å (for central Si atoms), which is in agreement with the previous report of 0.44 Å obtained using a model with periodic boundary conditions [35] .
The binding energy, E b of the AAs with silicene was computed as:
where E molecule/silicene , E silicene and E molecule are the total energies of the molecule-silicene conjugate, silicene, and molecule, respectively. The positive value of E b suggests the stability of the conjugated complex. Figures 1-3 display the calculated equilibrium configurations of the conjugated complexes in solvent, and the corresponding structural properties in both gas and solvated phases are listed in table 2. The gasphase equilibrium configurations of the conjugated complexes are shown in figure S2 of the supplementary information.
Results and discussion

Canonical AAs
In going from gas to solvent, the binding energies for (i) MeCONH 2 , MeCONHMe, MeNH 2 , MeIm, and MeGua show an increase of about 0.1-0.2 eV; MeCH 3 , MeCOOH and MeOH show a slight increase of about ≈0.1 eV; and MeSH, MePh, MePhOH and MeInd show a slight decrease of about ≈0.1 eV. A small variation in binding energy in response to the aqueous environment suggests that the interaction at the interface is not dominated by electrostatic interactions [36] . Figure 4 displays contributions from dispersive 3 and MeSH is rather weak ( figure 1,  table 2 ). The small attractive force comes from the vdW interaction terms (figure 4), whereas the even smaller repulsive force is likely due to the electrostatic interactions of like charges when the AAs approach silicene. The side group −CH 3 of MeCH 3 is inert and sits on the top of the surface with a nearest-neighbor distance of 3.09 Å (figure 1), with negligible charge transfer. On the other hand, the side group −SH of MeSH presents a unique case of a non-chemical bonded configuration in solvent with a relatively large charge transfer of 0.30e from molecule to silicene and a relatively small binding energy (table 2) . Figure 2 shows the equilibrium configurations of MePh-, MePhOH-, and MeInd-complexes where the analogues are interacting with silicene primarily through their phenyl groups. The π bonds of adducts lie at the phenyl groups of the molecules. The molecular orientations are nearly parallel to the surface, suggesting the dominance of the π-π interactions with the nearest-neighbor distances of 3.3-3.5 Å for MePh and MePhOH, and 3.2 Å for MeInd where it is also interacting via its N atom with silicene. This is further affirmed in figure 4 , which displays contributions from the dispersive terms to the total binding energy, which are rather large. It is, however, interesting to note that these inter-molecular distances are comparable to, or even smaller than, that found for benzene dimers in the slipped parallel configuration, suggesting a contrib ution from the electrostatic interaction as well. Among the three, MeInd shows the strongest interaction strength, and is followed by MePhOH. Figure 3 shows the equilibrium configurations of MeCOOH, MeOH, MeCONH 2 , MeCONHMe, MeNH 2 , MeIm, and MeGua, which display strong interactions of molecules with silicene through O and N atoms. Here, the Si atom that is bonded with O or N 'bulges out' of the surface due to the strengthened sp 3 hybridization at the surface. The MeNH 2 -, MeIm-, and MeGua-complexes have a relatively large binding energy with a Si-N bond distance of 1.8-2.0 Å. This is because silicene is acidic, while N-containing neutral species are basic. This fact leads to their interactions being stronger than those governed by the Si-O bonding. For example, MeCONH 2 and MeCONHMe are both bonded to silicene through O with a binding energy of 0.9 eV. For MeCOOH and MeOH, the binding energy is 0.35-0.45 eV. The same trend in basicity applies to the series of MeInd > MePhOH > MePh.
It is also interesting to note the differences in contrib utions from the dispersion forces among these analogue molecules, which can be used to classify the nature of interaction into three groups: group I representing physisorbed configurations is composed of complexes. This yields the chemisorbed conjugated system. Group III consists of physisorbed configurations where the predominant interaction comes from the phenyl group interacting with silicene via the π-π interactions ( figure 4 ). In addition, the relatively small intermolecular distances (3.2-3.4 Å) also suggest a contribution from electrostatic interaction due to small charge transfer. It is worth mentioning that the interaction of AAs with silicene displays a significantly different feature as compared to that with a BNML [24] and graphene [37] . In the cases of a BNML and pristine graphene, amino acids or analogues prefer dispersive interactions yielding molecules to be in parallel with the monolayer in their equilibrium configurations. There is no chemical bonding found and the binding is featured by physical adsorption.
Conjugated complexes: interaction strength and molecular properties
To understand the predicted nature of interactions in these conjugated complexes, we now examine the relationship between the calculated binding energy and the charge transfer between the molecule and silicene ( figure 5 ). The calculated results find distinctly different relationships for the chemisorbed and physisorbed configurations. For the chemisorbed configurations, a nearly linear relationship of the Table 2 . Calculated binding energy (E b ), the nearest-neighbor distance between the molecule and silicene (R nn ), and the charge transfer from molecule to silicene (dQ).
No. System binding energy with the magnitude of the charge transfer suggests that the NBO charge may be a good indicator of the binding strength at the biomoleculesilicene interface. Furthermore, we find that the energy levels of the highest occupied molecular orbital of the AAs shows a good correlation with the degree of charge transfer from molecule to silicene in the conjugated complexes ( figure S3, supplementary information) .
Gas phase Solvent
A closer look at the analogue molecules forming chemical bonds with silicene suggests that the interaction of these molecules with silicene can be taken as a base-acid interaction. Silicene is acidic, suggesting a linear relationship between the basicity of the AA molecule and the interaction strength at the interface. For example, the carboxylic acid group (−COOH) has the highest acidity, thus the lowest basicity among the analogues, and the calculated binding strength of MeCOOH with silicene is the lowest (table 2) . On the other hand, the presence of N increases the basicity of −CONH 2 or −CONHMe. Although the bonding is still through the O atom as in −COOH and −CONH 2 , the interaction strength is higher in −CONH 2 . The amine group (−NH 2 ) is a typical base. Its interaction strength with silicene rises above 1.0 eV. Likewise, the interaction strength continues to increase with the increase in the number of N atoms in the analogue molecule for the imidazole ring. The guanidine group (i.e. −NH-C(NH)NH 2 or −N = C(NH 2 )NH 2 ) has the highest basicity, yielding the largest interaction , respectively, thereby the largest contributions from the dispersion terms to the binding energy of the complexes (figure 4).
Charged AAs
The pH condition of an aqueous solution could affect the form of the acidic and basic amino acids, modifying them from neutral to charged species. The equilibrium constant pK a for the side chains of aspartic acid, lysine and arginine are 3.65, 10.53 and 12.48, respectively [38] . Therefore, under neutral pH conditions (i.e. pH = 7), the acidic amino acids take the deprotonated form, while the basic amino acids take the protonated form. Figure S5 Table 3 lists the calculated binding energy of the charged analogue molecules interacting with silicene and figure 6 displays their equilibrium configurations in solvent, indicating the results to be different from those obtained for the neutral analogues. For the acidic analogue MeCOOH, the deprotonated molecule strongly interacts with silicene due to the presence of two unsaturated C=O bonds together with the preference of forming Si-O bonds in the complexes. For the basic analogues MeNH 2 and MeGua, however, the protonation of N makes the molecules inactive, yielding significantly smaller binding energy values (see the change in binding energies ∆E b in table 3). These results are in contrast to the previously reported results [25] on the BN monolayer where it was found that the binding strength of arginine and aspartic acid with the BN monolayer barely changes, irrespective of the charged state of the amino acids in solvent. However, a variation in the binding energy with the charged states was suggested for the (5,0) BNNT owing to the change in the curvature of the tubular configuration [25] . We attribute the same to the uniquely buckled structure of silicene predicted in this investigation.
Summary
Adsorption of AAs on silicene in the gas and solvated phases was investigated using the DFT with vdW correction terms and the implicit solvation model. For canonical analogues, the calculated results suggest that these molecules can be classified into three categories based on the nature of their interactions with silicene. Firstly, the physisorbed configurations, which are weakly bonded by the vdW interactions between the molecules and silicone, include the nonpolar molecule MeCH 3 and the slightly polar molecule MeSH. Secondly, the chemisorbed configurations involving the Si-O or Si-N bonds show a large variation in interaction strength depending upon the functional group. Silicene is acidic. It interacts stronger with the functional groups with a large basicity with an increasing order of COOH < OH < CONH 2 ~ CONHCH 3 < NH 2 < imidazole < guanidine. Thirdly, the physisorbed configurations stabilized predominantly by the π-π interaction between the phenyl (aromatic) group and silicene.
In solvent, the binding of charged (deprotonated or protonated) analogue molecules to silicene is distinctly different from that of the canonical analogues. For the deprotonated acidic species −COO − , the binding increases largely, while for the protonated basic species -+ NH 3 , the binding becomes rather weak. Overall, the results show that the amino acid lateral chains that are intrinsically more prone to strongly interact with the monolayer are likely to dominate the interface between protein and silicene under physiological conditions. 
